A metamaterial layer comprising of a conducting square mesh surrounding subwavelength holes has a largely pure imaginary effective refractive index. We explore the microwave transmissivity of a stack of such metamaterial layers separated by dielectric spacers. As expected, a family of high transmissivity bands is experimentally observed. It is found that the lowest frequency edge is independent of the number of unit cells making up the structure and is highly tunable by appropriate geometrical design of the metamaterial layers. © 2009 American Institute of Physics. ͓doi:10.1063/1.3253703͔
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Multilayer metal-dielectric structures have been extensively studied at visible frequencies, and their response utilized in areas such as electromagnetic shielding, nonlinear photonics and perfect lensing.
1-3 Geffcken 4 in 1939 fabricated metal-dielectric thin film stacks that exhibited transmission features that were significantly narrower than those previously observed in conventional dielectric-dielectric multilayer arrangements. 5 The spectral response of metal-dielectric stacks in the visible regime comprises of a series of photonic band gaps where the reflectivity is high ͑and the transmissivity is low͒, separated by a series of peaks of high transmissivity. These transmission peaks correspond to near-standing-wave resonances within each dielectric cavity, coupled together via exponential fields within the metal film. Near the high frequency band edge of the first transmission band, the electric fields are predominantly confined to the dielectric and pass through zero in the metal. In contrast, at the low frequency band edge a significant proportion of the field enhancement occurs inside the metal regions. [6] [7] [8] An equivalent study of a metal-dielectric layer stack in the microwave domain ͑10 9 -10 10 Hz͒ is at first sight impractical since the real and imaginary parts of the refractive index of metals are both large ͑Ͼ10 3 ͒ and almost equal ͑i.e., the metal is near-perfectly conducting͒. Even a metal film of thickness 20 nm will almost completely screen the incident field 9 because of the large impedance mismatch. Instead, a metal is structured on the subwavelength scale to create a metamaterial with effective electromagnetic properties which replicates the behavior of Drude-like ͑plasmonic͒ metals in the visible regime ͑Ag, Au, etc.͒. 10 The metamaterial layer consists of a non diffracting square metal mesh surrounding an array of identical square holes. At wavelengths greater than the size of the holes, the electromagnetic fields are exponential within the holes with a decay length that is primarily dictated by the metamaterial geometry. Consequently the metamaterial is equivalent to a thin layer with a pure imaginary refractive index. 12, 13 The sample shown in Fig. 1͑a͒ comprises of eight printed circuit board ͑PCB͒ layers that are originally clad with 18 m of copper on one face. The copper is removed from three of these substrates the remaining five being etched to leave a copper square mesh ͑Fig. 1͑b͒͒ with periodicity g = 5 mm and hole side length w h = 4.85 mm. The PCB substrate is a low loss dielectric ͑Nelco NX9255͒ of thickness t d = 6.35 mm, and relative permittivity ϳ3 across the studied frequency range. The sample is considered as infinite in the xy plane since the sample area is much greater than the finite size of the microwave beam spot. A collimated plane wave ͑5 GHzՅ Յ 30 GHz͒ is directed onto the xy plane of the sample at normal incidence via a horn antenna placed at the focus of a spherical mirror. The transmitted radiation is then collected by a spherical mirror and focused into a detector horn. The experimental transmission spectrum ͑Fig. 2, circles͒ shows the first two transmitting bands. Note that the transmission resonances observed should not be confused with enhanced optical transmission ͑EOT͒ phenomena first recorded by Ebbesen et al., 11 which rely on the excitation of diffractively coupled surface plasmons. More recently, Mary et al. have presented a theoretical analysis of the response of a double fishnet structure which combines the concept of EOT with diffractively coupled "spoof" surface-plasmons, 14 and when stacked the response of their structure bear similarities to that presented here. However the frequency range used in the present study is far below the onset of diffraction at 60 GHz, and hence these surface plasa͒ Electronic mail: celia.butler@ex.ac.uk. Each transmission band is comprised of a set of N resonant modes, where N is equal to the number of unit cells in the sample. In what follows, discussion is limited to the first transmission band since this is sufficient to fully understand the structure's fundamental behavior. ͑The resonances in bands at higher frequencies simply correspond to higher order modes in the dielectric cavities, retaining similar field distributions within the metamaterial.͒ The experimental transmission maxima relating to the four resonant modes in the first transmission band are labeled A through D in Fig. 2 . A numerical prediction of the transmission spectra using a finite element method ͑FEM͒ model 15 is also shown ͑solid red line͒. Note to obtain an accurate prediction of the microwave response of the stack, an adequate representation of the fields within the very thin metamaterial layers is essential. This was achieved by increasing the density of the tetrahedral mesh employed in the model in the metamaterial regions until convergence was obtained. The dielectric permittivity of the PCB substrate used in the simulation was independently determined from experimentally measured complex reflection and transmission measurements to be 2.96Յ Յ 3.07 and 0.001Յ tan ␦ Յ 0.014 over the frequency range of the lowest transmission band. Figure 3 illustrates the predictions from the FEM model of the time-averaged electric field distributions along a line running in the z direction passing through the center of the holes in the metamaterial layer. This modeling assumes that the meshes are all aligned. However it is worth noting that random translational misalignment of the meshes does not perturb the microwave response of the stack, since the decay length of the near fields ͑evanescent diffracted orders͒ associated with each metamaterial layer is approximately 1 mm or less at these frequencies, i.e., much smaller than the spacing of the metamaterial layers ͑t d = 6.35 mm͒. Of course if the thickness of the dielectric layer is reduced, or the periodicity of the array increased, then transverse mesh displacement may indeed perturb the response. The transmission resonances observed ͑Fig. 2͒ occur when sine-or cosine-like standing-waves in the dielectric layers couple via exponential fields within the metamaterial layers. Our experimental geometry is similar to that recently studied analytically by Gadsdon et al. 16 who considered alternating layers of untextured metal and dielectric films in the visible regime. They showed that the metal film acts as a tunnel barrier, with the fields within the metal films taking either a hyperbolic sine or hyperbolic cosine form. We propose that this is also the case for the metallic mesh in the metamaterial-dielectric multilayer stack studied here. The highest frequency mode ͑D, 12.11 GHz͒ approximately defines the upper band edge ͑Fig. 2͒, and has an electric field in the metamaterial layer that is hyperbolic sinusoid in character, passing through zero. Therefore the fields in adjacent dielectric cavities oscillate out of phase, with the majority of the cavity oscillation being excluded from the metal ͑bottom right panel of Fig. 3͒ . Hence the highest frequency mode ͑D͒ is associated with the half-wavelength Fabry-Pérot condition 17 for a single etalon, although slightly reduced in frequency due to the finite effective conductance ͑nonzero skin depth͒ of the metamaterial layer. However, of primary interest is the lowest frequency mode ͑mode A, 6.93 GHz͒, whose field solution is shown in the top left panel of Fig. 3 . On resonance the electric fields in the dielectric cavities oscillate in phase with each other, since the exponential fields within the metamaterial layer take the form of a hyperbolic cosine. Now the wavelength of the mode within the dielectric cavity is much longer than simply twice the dielectric thickness because the hyperbolic cosine form of the field removes a significant proportion of the cavity oscillation from the dielectric. Importantly, this field solution is unlike that for an all dielectric multilayer stack. 5 ͑Note that the hyperbolic parts of the field distribution do not occur symmetrically in the second and fourth metamaterial layers due to the impedance mismatch with free space at the top and bottom of the stack.͒ The consequence of this result is particularly striking when one considers the effect of an increase of the number of repeat units in the stack 16 from four to ten ͑see Fig. 4͒ : the lowest frequency mode ͑A͒ does not significantly move. For an all dielectric stack the lowest frequency mode would have a wavelength approximately twice the optical length of the overall structure and would linearly depend on the number of repeat units. Clearly the frequency of the mode that defines the upper band edge is not expected to alter when changing the number of repeat units due to the requirement that the electric field passes through zero in the metamaterial region in each unit cell. Thus the overall effect of the addition of extra cavities is only to increase the num- ber of modes within the bandwidth, which in turn is largely governed by the geometry of the unit cell. In this instance, there is no significant increase in the width of this band, only a sharpening of its edges. However any decrease in the hole size induces a decrease in the decay length of the evanescent fields into the metamaterial region, supporting a shorter effective wavelength in the dielectric cavity. This then alters significantly the frequency of the lowest mode ͑mode A͒ but does not shift that of the upper mode ͑mode D͒.
In summary, we have experimentally observed transmission bands in the microwave response of a metamaterialdielectric multilayer stack. Because the metamaterial has a largely imaginary effective refractive index, the frequency of the transmission band edges are mainly determined by the form of the exponential field distribution in these Drude-like metamaterial layers, which can take either a hyperbolic cosine or hyperbolic sine form. For the hyperbolic sine case ͑similar to the sine case for a dielectric͒, the fields within the metamaterial are small. Therefore the high frequency band edge is in close agreement to that expected for a single Fabry-Pérot etalon of the thickness of the dielectric, and has a very weak dependence on the overall length of the structure. However when the fields in the metamaterial are of hyperbolic cosine form a significant proportion of the cavity oscillation is removed from the dielectric and each dielectric cavity supports a standing-wave wavelength that is much longer than its optical length. Furthermore, the frequency of the lower band edge is independent of the number of unit cells but is highly tunable by appropriate design of the geometrical properties of the metamaterial layers. It is also interesting to note that if the thickness of the metamaterial layer is reduced ͑ultimately limited by the skin depth, ϳ1 m͒, the resonant wavelength of the low frequency mode will become larger than the thickness of the entire structure. FIG. 4 . ͑Color online͒ Transmission spectra for the first pass band region of two structures: the four unit cell stack ͑dashed line͒ and the ten unit cell stack ͑solid line͒, showing the band width does not significantly increase.
